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AbsiI.acL.  ‘1’llis article ]Jrcscnts tlIc malts o f  a fit of
<i IIllltlcric.ally  illtcgratcd orbit,  f o r  tlIc Saturtliall satc-

litc l’lIocl)c to lhrthl)asd  astro]nclric olmrvatioIls (frmll
1904 to 1996)  aIICl illlagiilg data acqllird by tlIc  Voyager 2
s])acm-r;tfl  duril)g its cllc.oul]tcr  wi[ll  Satrlrtl. ‘J’llc ])rilnary
rwIIlts  a r c  tlIc cJmc  Jl s t a t e  vcctlc)r usccl ill t}Ic  illtcgratiol)
aIId a se{ of  II ICal I clcl  IImis wllicll  ]Jrovidc  a gmutlctrical
rc])r<.selltati(~ll  of tJIc orl)it. WC also assess  tJIc c]ualily  of
tlIr fit alI(l IIIC a c c u r a c y  of tlIc crrl) it,

Kc-y  w~wds:  I;])llc)l}cridcs  l’lallcts al~d satel l i tes :  gmlrval
l’laIIcts alId  satcllitcs:illc  livi{ll]al:  I’IIOCIW  SolaT systcIII:
p,ctlcra]

1. IIlt]’()(ll]ct,ic)]l

‘1’lIc  ]Iiiltll  satellite of Saturl), l’lIocl.Jc, was discovcrd I)y
W. ]1. l’ickcril]g ill h!arcll ]8gg fIOII~ J)]lOtOgla])]lS IIladc itI
18{)8  at tlIc 1 Iarvard ol)scrvatory s t a t i o n ,  Arcclui])a,  l’cra
(1’ickcri]\g  189(I). IIc sulmquc,,tly ],ul~lislid J~rcli],,i,)ary
c])llc]]]cridcs f o r  {IIC s a t e l l i t e  (1’ickcrir)g  1905a,19051,).
]ioss (1 9 0 5 )  ])rodac.cxl tlIc first ddillitivc orl)it t)ascd  olI
o]mcrvatiol)s Tnac]e at Arec]ai  I)a, Ycrkcs, aIId l,ic.k ill tlIc
car}y  1900’s. ‘/, adall aisky (1 954)  uI~datcd  li.oss’  orl)il using
olwcrvalio]ls  IIIad  C l) CLWCCII  1907  a~lcl 1942 ,  lime (1979)
gcilcratml  tlIc first IIaltlcrically i]ltcgratcd 1)1 IOCIJC orl)i(
\vllicll  \vas  fit to olmrvaticnls  over tlIc I)criod  1904 to 19[;$).
1 Ic o]l]itkxl  tlIosc froIn Arcqai])a. SulmqucII(  il[tcgraiiolls
w e r e  dol  Ic l)y IIcc-lbrsclll)crgcr a n d  licrcllcr  (1982)  WIIO
fit olmrvaliolls  fro]]] 1 9 0 4  t o  1 9 8 1  and by IIykova  and
Sllilil)alcv (1982 ,1(184)  wlIo  fit obscrvatiolw  frolll 1898 to
]{)~]

‘1’IIc }) III])•  SC o f  th is  work  i s  to u])dat,c  tllc orl,it ill
light of rcc.cll(  astrolllctric. olmcrvaiiolls  and illlagiilg  01)-
scrvat,jol)s  Ol)t,aillcd  l)y the V o y a g e r  2 s])acccrafl. Fat,llr-r
illcclltivc  i s  ])rovidcd by iNASA’s  Cassilli IIlissioll  to Sat-
Ilr]l (Kolll]iasc  1993).  Chrrcllt ])1.ans c a l l  f o r  t h e  Cassiili

sl)acccraf( b fly l)y I’IIOCIIC al, a distance of al)ollt 50000”
ktll. A lligll  qaality cI)llrlllcris is IIcedcd  to sal)])ort,  scictl-
tific ol)scrvatliol)s  [Illritlg; tl}c flyl)y.

2 .  orl~it III()(Ic:I

our II Iodcl  for I’IIoc1)c’s orl)il  is a IIllillcric+ll il]tcg;ratioll of
i t s  cqaatioi) ofltiotiml (1’ctcrs  1981)  wllicll  itlc]udrs t)Ic  ef-
fects of all ol)latc Sat 11111, ])cr(rlrlmliolis  froltl scveII  of tlIc
ciglll  ]Ilajor Sillrlltliilll s a t e l l i t e s  (Ilyl)criollj \vl  Iosc  ]ilass
is ulikllowll  I)ut, I)rcsuttlcd  q u i l t  sttla]l, is IIcglcct,cd),  and
])(’rt,llrl)atio)ts  froltl  tlIc Sui  I, Ju])itcr, and (lralllls. ‘1’lIc
forllltilatioll i s  ill (;artcsiali cocmlillatcs  cclltcrcd at tlic
SatrlrIliaTl  systc)ll Imrycc])tcr alI(l rcfcrc])ccd to tlIc I;artll
]IIcat  I cqaatlor  aTId eqlliliox  o f  .12000 systcIII. l’l Ioclm i s
a,ssul[lcd  to I)c ~tla,sslcss, lIcIIcc  tllc  I)arycclllcr  locat)ioll  dc-
])cIIds oIIly U1)OII  t,lic ],]tiIIcl afId I)crtrlr])illg Siitc]lit[’s,  J ] ’ ] ,
],lallctary cI)]lctlleris  ])] I;403 (Stall dis]i c1 al.  1995) ])rc)-
vidcs tJIc  II Iasscs  arid I)ositiorls  of tlic SIIII aIId I)crtarl)illg
]jlaIIct,s,  and J ] ’ ] ,  satcl]ilc cI)llcltlcris SA’11)77  (Jac(,]woll
1996a)  I)rovidcs  ilIosc of tllc I)crtllrl)iilg salelii(cs.

‘1’lIc lIIodcl  is  far  IIIOIC  COIIIIJICIC  tltalt llcccssary h fit
tJIc o]wcrvatiolts. ]iosc’s original  wwrk illcladrxl olIly  solar
I)crlllrl~atiolls, that o f  ]Iyliova  and Stlikllalcv acc.oalltcd
for  tlw SIIII rrIId Ju]~itcr, and tlIat of  IIcc-lhwlll)crp,cr alId
]h-llcr took into accoallt tJIP cflccts of ‘1’ilali, J a],itcrl aIld
tlic SUII. 1’lIoc1)c’s accclcratioll dac to Ja])ilcr is almat 1%
that  oftllc SIIII and dIIC to ‘I’it ali is al)oat ().l CX,. All t,llrcc
o f  thcwc invcstigntliolls ol)taillcd rcaso)Ial)lc fits to ilIc 01)-
scrvat,  ions.  WC SCICCM  lIIC Itlodd ill t h i s  }vorli  ])riltlarily

f o r  collsisictlcy witl I tllc illtcgratiolis of tJIc ollIcr Satrlr -
IIiall satcllilcs I)(illg Iwrforillcd itl I)rc])aratioil for sa])])ort
of tllc (;assitli Illissioll  (Jac.ol)sot  I 19961)).  Wc did, llowcvcr,
a l s o  itlvcstigalc a Silll]]lificd  IIlodcl  wllicll  rq)laccs  tlIc  ])cr-

trirl)illg satellites, cxcc[)t  for  ‘J’itall,  wittl a]lifor]ll c i rcular
cqaatorial ritlp,s rctaitlillg olIly  tllcir qaadcu~~olc  c[lkct (S C C

l{oy ct al. 1988 for a discl]ssiorl  of lliis tcclllliquc), III addi-
tioli, tllc silll])lificd  lIIodcl  ol)taills its ‘J’itall ])ositio]ls frolt]
a I)rcccssitlg  cllil)sc  a])])roxilllatc rc])rcsclll  atio]l of tflc ‘l’i-
tall c],llmllcris (tl Ic clcll]m]ts  f o r  llIC clli Imc call  be fourld
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iII t,l Ir A])]jclldix). A  coln})arisoll  of illtcgratiolls witlI  tl)c
sit]l])liflml  ;*IIc1 COIII])ICIC II Ioclcl fol]]ld  di(lt~w]lccs  o f ”  l e s s
tllall 50 1;11) Over a 50 year’ pcrio(l. Ill fact, l)cc’.ausc Sllcll
.,

CIlfl(’r’cllccs  arc  WC II l)c]ow’ t}IC ac.cUl’aCJ’  of t]Ic Im-1066 C)],-
scrvtiijo]ls (tlIc itlt,cgralio]]  cJK)clI is Novc IIIlwr  1 1 ,  1966),
wc actually used tl)c siln])lifid ]))odcl  for  all ]~rwccssiltg, of

tflosc’ Car’ly Ol)s(’r’vations,
‘I’l Ic illtq,ratioll w a s  carrid out wit])  a Valiill)l C ste])

s i r e ,  varial)lc or-dry, (Jauss-Jac.ksol] II IctlIod. AII almolutc
trul)catiol) e r r o r  lilllii  o f  1 0 -  ‘() kIII s-  ] ilt]])oscd  0 1 1  tlIc

v e l o c i t y  co]llrollml  tlIc i]ltcgrat,ioll  sic]).  ‘1’IIc a v e r a g e  sIc])
siw was  25 SW sccolIcls  allcl tJIc  ]IIaxillnl])~  order  was  15.

3. ol~scrvatfim]s

5’, 1. ,70?II’CC.S (171(1  Su?)ll)tfll’y

‘1’lIc l i tera ture  scarcll of l’icrce (1975) lists ])ul~licatiol]s
Cm]ltaillillg  ]Ilicrwltlctric and ])llotog;ra]j]lic  l’llocl)c olmr-
vatio]ls o v e r  tllc ]miod 1898 to 1969.  IT] tllcir ])a])cr  llcc-
lk)rsrlllmrp;cr and ]iocllcr cxhld tllc list, to illcludc ])IIc)-
Iogra]jllic  olmcrvatiol)s  frol]l  1975 to 1 9 8 1 .  III additiml,
{llcy ])rovidc s e v e r a l  ]Jllotogra]jhic  olmcrvatiolls  II[adc  at
],a S i l l s  it) 1981 wl]ic.1) a],])ar[llily lIavc  IIc>t  I)WII  ])111)-
lisllc(l  clscw]lcrc, ‘J’ltc oI]ly l~ll})lisl]cd olmrvatiolls found
I)y tllc alltlior sulmquc]lt 10 1981 arc tflosc lt]adc al IJa
Sillil  ill 1982 (I)cl)cllogllc  1984).  ‘1’11(’ 11. S. N?l\rill  olwcrva-
t o r y  (liolIde  1 994) slid Mclhlald olwrvat  ory  (Wlli])])lc
1992,1995)  l)avc  so])])licd  rcccllt ull])ul)lisllcd  ])llotogra])]lic
ol)s(r~~itic)~ls, aTld hlcl)onald Olmrvalory  (\Vlli])])lc  1996)
l)as sll])])licd  u)l])ul)lisllcd (Xl) olwcrvatio)is.

l)urit,g its mlcou]ltcr with Satllrll it, 1981, tl, e Voy-
ager 2 sl]ac.ccraft,  acquired eight iltlagcs of 1’IIOCIW against
a star’ Imckglcmlld . ‘1’lIcsc  ])rovidc IImasurcs o f  1’IIOCIW’S
]~ositiol)  wit]]  accuracies ill {Ihc 5010 150 kill rallgc,

‘1’al)]c 1 siltt)ltlarizm o f  a l l  o f  t,llc cllrrcvltly  availal)]c
l’;artfll)ascd l’llocllc  olmcrvatiolls  grou]wd into s e t s .  ‘1’llc
f i r s t  COlIIIIIII  co]ltail]s  tlic y e a r  o f  tllc olmrvatio]ls;  lIIC
swoIId and t,llird  c o l u m n s  iclcntify  tllc olmrvaiory alId
illsi,rlllllcllt,.  A rcfermlcc or }~ul)lic.atioll is gi~rcll ill colu  II\II
four (see tllc ltcfcrmlccs scdio?l of this ])a])cr). l’irtally, tllc
c o d e  IIlltil})cr  ill tllc last c.olu TnTi ulliqucly  il]dclltifics IIIC
olmrvatiou set.

3.2?. (J’07//7nr7/ts

A l l  of tlIc Arcqui])a olmcrvatiolls  arc ])llotogra])llic. ‘J’IIC
initial rduc(ioll  o f  sds 1 - 4  (1’ickcri]lg  l!305a)  I)rovidcd
Satllrtl relative ]Iositiol)s ‘as rllcasurcd on t,ltc illlage of tllc
rcticulc’ w]lic]l al] su]mqucllt, alla]yscs a])])car to t r e a t  a s
equator of date ]~ositiolis.  l’ic.kcrillg  (1 9051)) corrcctcd 17
o f  tllc ])ositiolls allcl rq)ortcd t,llcl)l togctl]cr wit])  addi-
t,iollal  1904 olmrwtiol]s, the lat ter  ill tllc for]]] of al Ig[I -
lar scj)aratior]  and dcclillatioll diflk’rcllcc  l~ctwccli  l’lloct~c
aIld  Saturn. ‘J’llc 1898 tc) 1902 ])llotogral~lls  were later 1(~-
cluccd against, tllc (;a])c l’hotogra])l]ic l)llrcllltllist,crllllg,
~])(~cll  1875, star cataloguc (1’iclicritlg  1908)  yic]c]jl)g  II)c.all

1875.0  astroltlctric  ])ositio]ls.  ]ror tllc  1905 and 1(106  ol)-
wrvaliolls (1’iclicrir[g  lf)()(itl,l  $l()61),l{)()6c), S:ltj(lrll-rcl:ttiv[’
I,ositiol)s arc agairl  give]l it[ tcrltls o {  angular sc])aratioll
aIId dcclillatioll  di(l”t=rcll cc. Accord i]lg to tllc ol)scrvcrs tl)c
I~rccisioll oft,llc clltirc SC( of Arcquil)a olmrvatio]ls r;illgcs
fro])) a fcw scco)Ids  of arc to IIcarly  OIIC IIlillutc.

‘1’IIc olmrvatio]ls at, Yer!ies  llladc l)y ]Iarllard a r c  \ ’ i -
1 “sual IIlicro]llctcl’  o]wrvatiolls of I’l Ioc})c rc dtlvc  to star%.

‘1’IIc  star  ])ositiolls w e r e  usd to rducc tllc l’l Ioclm c,)mr-
vatiolls  to al)])arcllt ])lace.  ‘J’lIc IIlcall  ])]accs  ofthc colll])ar-
isoll stars arc a l s o  ])rol~idcd,  and itn])rovcd star ]Josit,  ions
COUI(I  Ix)ssil)ly  iln])rov( t}lc rducl, ion. Notes  iTldicatc  that,

tlIc  j)laccw for two of tlIe stars arc fro]tl  tile Ast,rollorllis-
CIIC  (~cscllscllaft ~atalog[lc  a]ld  f o r  tlllc otllcrs arc fro]l)
(lIC I!.J. l~ll]~da~llrlit al (lataloguc, Mcridia~l  circle ~licasllrcs
were II Iad C for two  of tllc 1906 coltl])aliso]l rcfcrcllcc stars.
]“or tllc 191 2/13 olmrvatiolls, I[lcridiall c.irclc lttcasurcs
wcrr IIladc for mic  of tllc stars.

‘1’IIc olmrvat ions  at l,ick  ][ladc l)y l’crrillc and All)rcc.flt
arc ]Jllotogra]~llic.  ‘J’l IOSC  for SC( 7 were rcduccd using six
catalogue s t a r s  to ol)tai~l  lf)04. O lIIcalI  ])laccs.  ‘J’l Ic ])osi-

tio]ls o f  tlIc catalogur s t a r s  were  talicII  frolf]  ifIc \4]asll-
illgto]j  A,(J. ZOIIC  ~iitalo~{l~;  tllcir  1904.() ]rica  II ])liiccs  arc
~,ivell  ill t,lic rcfcrcllcc, A Saturn ol)scrvatiml  is quotm:l I)ui,
is too ])001 to usc  t () rcducc star cataloguc errors. l“or tllc
All)rccllt set 9, 1905.() II ICaTI ])laces  arc givcll, and for IIIC
l’crrillc sets 10 fiIId 15 tllc ws]wctivc  IIlcal)  ])laccs aw for
1906.0  and 1908.().  11 is ])rcsurllcd  that all were rcduml
ill tllc Sillll(’ IIlallllcr as tllosr of set 7, and it is ])rol)al)lc
that tlw 1$’asllillgtoll  A ,(; . XOIIC catalogllr  was USN] ill tlIc
rcductiolj. llllfol’l lllliil~l. v, tl]c ])osilio]ls of tllc colll])arisol]
stars  arc IIot, }~rovidd.

‘J’l Ic Grwllwicll  ol)scrvatiotls  arc ])llotogra~lliic  I[\ca-
surcs rduccd  to gcocmltric a])])arcllt ]]osit iol)s using COIII -

l)ariso]l  stars IItcasurcd re la t ive  to  rcfcrctlcc stars ill t,llc

Aslro]loItliscll(”  (Jcscllsc]laft (htaloguc. ‘llIc })ul)lic.a(io]w
iflc]udc  a corrccliorl for star catalog rrrors l)asrd 011 ol)-
scrvatiol}s of ,Sa(urll  rcducd  ill t,llc salllc Itlalll]cr as lJIIOSC’
o f  I’IIoc})c aIId tlle]l  collll)arcd to tllc tal)ular ])ositiol)  o f
Sat,urtl  ill tllc Nautical AI II IaTIac.. Slll)t,ract,illg  tllcsc corrcc.-
timls fro]ll  tllr ])ul)lislld olwcrvatioils  I)rior  to ])roccssillg,
ill cfl”mll, rc])laccs tlIc s tar  cata log error  wit]]  tllc Sfitlrlrll
e])llclllcris error })lus tllc e r r o r  ill IIlcfisurjllg  ,$at,llrI1’s 1)(I.
silioll, A colll])arisoll c)f t tlc Saturtl tal)ular ]msitio]ls ~vitll
olIcs  frolll  1)14} 403 fot}lld srllall diflkrctlces relative to tl)c
size c)f t,]Ic corrccl,  ic~lls.

‘J’lIc Val)  IIiesl)roccli  olxcrvatimls  at Ycrkcs arc ])lIoto-
p;ra])llic.  ‘I’l Ic set 21 olwrwtio)ls  were rdllced using  coil  I-
])ariso]l  s t a r s  fro]]] tllc Al)l)adia catalogucs a?ld w e r e  rc-
I)ortcd a s  a])])arcllt,  ])ositiolls. Set 25 was rcdllccd w i t h
c.o]lll)ariso]l  stars froill  tltc ‘J’acu]mya cata]oguc aIId w a s
rc]wrkd ill tlIc  forl]l  of astrolllrt, ric ])ositiolls for 1955.(),

‘1’IIc hqt, J$’ilsol) ])llotograj)]lic olmrvat ion of Nicllolso])
mId ]iic]llllo]ld al)])eaf’s will]  a set o f  olltcr Jovia II satc]-
]ik  olmcrvatiolis ]IIade  duritlg  tllc SaIIIC tilnc ],criod. It,
is rc])ort,ccl as aII astrotllct,ric  ])ositio]l  for 1940.() wit]]  all
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‘Jhl)lc  1. I’21T1 hl]ascd aslrolactrir obscrvatiolt  WIS

olwcrvatory

Arcqai],a
Alqui],a
Arcqui]m
Arcquipa
Arcquij,a
Y(I km
1,ick
Arcclui],a
1,ick
1,ick
Arequi],a
Aleqoil,a
}’crJics
(;r(rllwic}l
lick
Grccnwicll
(;rccllwick
(Jrccllwic}l
Ycrkcs
Ycr km
Ycrkcs
Mt. Wilson
Mclkmald
(k,rdol,a
YcrJics
Mcl)onald
liloc]llfollticl)
l~lagstafl’
(~rilllcall
l{itt  l’cak
(;atalilla
hlc]krnalcl
I, OWCII
la Sills
IKnv(ll
la Siila
USN()
hlcl)onal(l
USN()
Mcl)oIIald
hlcl)onald

lrlstrulncllt
.

24ilj ]Irucc
24ill  ])rucc
24ill ]Irucc
24in IIruc(
24irl ]Irucc
40ill  rcfaclor
~;losslcy rcflccl or
24in IIrucc
c;rossley  rcflcclor
Cross]cy  reflector
24ili ]Irucc
24ilt  llIIIce
40i Il rcfador
30in rcflccto]
CrossIcy rdlcdor
30ill reflector
30i Il rc(lcctor
30itl rcftcctor
4 Oia rcfdctor
40ill  rcfacior
24in reflector
100i1l rcflcclor
82in rc(lcctor
Norinal  aslrogral)]l
24in rcflcdor
82iil reflector
Al)]  I tcl(wcopc
40ill  rcflcdor
40cIn astmgra]jll
21 3CIII  rcfJccloI
154c]11 rcflcc(or
2.1111  rcflcc(or
0.33111 rcfleclor
40CH1  G1’0
0.33111 rcflcc(ol
40CIII [;1’0
24ill reflector
2.llrl  rcflcctol
24in ldcctor
2.1111  rdfcdor
2.1111  rcllcc(or

l{cfcr[ilu,

]’ickcl i,,g(l  908)
l’icJicring(1908)
1’ickvri,,g(1908)
l’i(kc,rillg(l! J(18)
l’ickerirlg(l  {)[)~ii)] 90F)1))
llalaard(l W5)
l)crri,,c(1904)
l’ick<rillg(1906a)
All,recht  L, Sl,,itl,  (1909)
l’crrill((l $)09)
l’ickcril,g(]  {]061,)
l’ickcrill~(l  !)(l(ic)
];arllard(l!J06)
(~hristic(1907)
l)crIiac(1909)
(;], ristic(l!J08)
Christ  ic(l!)09)
(Jl,iistic(l<) lo)
llarnard(1913)
llar,, ard(1914)
vail llicsl)rocck(1922)
Nicl,olsor, & liic},li,c,l,cl(]$)d4)
\rau ]licsl)Iocck(l{ J44)
lMKmr’(1953)
VaII llicsl)rocck(l!~:)fi)
vail llicsl,locck(19F,(;)
ViIII liics11rocck(1958)
Roclllcr  kF. l,loyd(1966)
{;lleruyfik & [;llrrt,ykll(1971)
VaII ];icsl~locck, C( a]. (l$J76)
vail IIicsl)rocck,  ct al. (l!176)
hllllltollalld  L, SIICIUS( 1980)
lbvcll(1981/82)
l)cl,cllogll((1981 a,l,,(,cl/82)
l\o\vcll(19m)
l)cl)cllogllc(l !)s4)
1{01K1C(1994)
wIlipJ1lr(lw?)
I{01KIC(IWJ4)
Wl,ip},lc(199,5)
\Vl,i],l,le(1996)

( :()(1(,

1
2
3
4
~

6
7
8
9

I o
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
:) (;

27
28
2.9
30
31
32
33
34
35
36
37
38
:):)

40
41

crrol}cous sign ml tl~e clcc]inatiorl. Sillcc tlic ])ul)licatio]l tllc ‘1’acul~aya aslrop;ral)l]ic  calalop;  []c and was rclmrld itt
states tllnt t,l)c Jc)viall  satdlite ol)scrvatirmls  w e r e  rduccd
wit]l  (IIC As(,rograI~llic.  (;ata]oguc,  i{ is  ]wcsuitirxl  that tllc
l’llocl)col)scrl’;lti(~ll wasaswm]l.

‘1’IIc  olmrvntio]lshy  VaII  JIicsllrmck ]tladc at Mcl)o]l-
ald tire  l)llotogral)llic, ‘1’110s0  ii)  set  23 w e r e  rcl)ortr+ a s

. .
:Islro]llctc)c  ~)oslllo]ls for 1942.0. ‘1’llcy were ~)rol,al)ly  re-
duced wit]]  coln])arisoll stars frc)j}]  t,]lc ‘J’aculjaya  ast,ro
gra])]lic  catalogue, altfiougl) tllc rcfcrcllcc siltt]~ly s t a t e s
Iftc  ‘astrogra])l]ic cataloguc’. Set, 26 was reducd a~aillst

LIIC  for]]] ofastrolll;tri~ ]Josiliol]s  for 1 9 5 5 , ( ) .  “

IIol)ollr’s Cordolla  olwrvatio]ls  a r c  I,llotogra])llic  as-
troll letric ],ositiollsf’or 1052. O. Nc)tcss(iggcs( i,llat, tllcref-
Crcllcc stars for tflc rductio]l were froll]  tflr Yale 17 aIId
Yale 21 catalogum alId  tlIat I)rolwr  IIlotiol} was  IIOt al)-
I)]jcd.

‘J’l IC ])11  OtOglill)lli  C ol)scrvatio]ls froltl IIlocrtlfollticll
]Iul)lisllcxl I)y Vail IIicsl)roccli  w e r e  adrlally rtladc hy
‘J’. (~(]lrcls. ‘J’l Icy ll,crc  rcJ)orte(l  ns asl,rolllct,ric ]msiliol]s
for 1957.(). ‘J’llcrc is 110 indication of Itlc st fir cataloguc usrxl
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ill lllc rcductiol), I)utl sillc.c it a])]mars tlic ]Jlatcs were  ]I]c:E
s[lrcfl  ni Yerkcs, it l i k e l y  t])at tl)c ‘Jhculmya astrogra]>l}ic
Cat!alogllc  Wns used.

‘J’IIc  l~lagsta[l’  obscrvatiol]s of ILocltler  aTId ljloyd  a r c
l)llot,ogra])llic  1!3[)(). () astrmnetric ]msitiolls.  ‘J’licy w e r e
II IadC as ]Jartl of a ])rogralll to olmrvc i]lillor ])lal Icts  al)d
faint natr]ral salcllitcs. licfcrc]lcc s t a r s  for tllc reducl ion
~vcrc fro]!] tl]c Asirogra])llic catalog.

‘J’llc ],llotogra])liic  olmcrvatiol]s ill %t 29 lltadc a t
tllc (hiltlciill Astro])llysical  olmcrvtitory arc rw])ortcd  a s
1950.0 astro)netric ])ositim)s. No illforltlatioll is avail  al)lo
al)out,  tllc s t a r  cataloguc usccl ill tllc rcduct,  ion.  Sillllllt~i-
]Ieous  olmrvatio]ls of llylmriml and  la])ctus arc  a lso rc-
])ortcd. IIowcver, (IIC diffcrclltial ]Jositiolls of l’llocl)e rel-
ative to tllosc lmdics cxllil)it sigrlificallt  errors ill tl)c right
asccllsioll.

‘1’IIC Kitt l’cak Natio]lal olmcrvatory  ])llotogra])llic olJ-
scrvatioll w a s  ll]adc I)y val) IIicsl)rocck al)d rcduccd I)y
(;.1). Vcsc]y.  It was rc])ortcd as a 1950.0 asl  roltlctlric  ])c)-
sitioll, AI I car]icr I)u])]icatioll suggcs(,s  tllc Astrogra]j]lic
(;atalog was tl)c source of tllc rcfcmlcc stars ill tllc rcdllc-
lioll.

‘Jl)e  ])hotogra~~llic  obscrvatimls a t  tllc (;atalilia Sla-
tioll c)f lJI’IJ,  IIladc l)y valI IIicsbroccli and rcduccd I)y
(;.1). Vcscly,  were rc])ortcd a s  19b0. O astrmllctric ])osi-
tio]ls. A s  ill (lIC case o f  (IIC Kitt l’cak olmcrvatiolls,  i t
a]~])ears  t,llat t,llc Ast,rogral)hic (;at,a]og l)rovi(lcd  (,IIC rcf(:r.
CJICC s t a r s .  ‘J’IIc Sc])tcltll)cr ol)scrvations Ivcrc IIotcd  to I)c
olltside tllc triallglc of rcfcrcllcc stars; illcy cxliil)it ]argc

rcsi(lllals  against tllc C.urrcllt l)llocbc orl)itl.

‘1’IIc Mcl)o]lald ])llotx)gra])llic  olmcrvatiol)s o f  Mulllol-
lalld and SIICIUS  a r c  1 9 5 0 . ( )  astroltlctric I)ositiolls. ‘J’llcy
were  rcduccd usiilg tllc USN(3  Zodic.al  (;atalogue. A 1111111-
lwr  of siltillllallcous  olwcrvatio])s  of otllcr  s a t e l l i t e s  a r c
also  givcll  ]mrtllii,t,illg  t,l Ic usc of satellite rcliltivc jmsitiolls
ratl)er tllall almo]utc ])ositio])s.

lhwll’s ])llotc)gra~)hic  olmcrvatio]ls a t  I,owcII a r c
1950.() astrol]lclric  l)ositions.  No il]dicatio]l  oftlIc star cat-

alogac  used ill t}tc rcxluc.tie]] is .givc][.  Sill lultlal leous  ol)scr-
vatiolls of otl]lcr satellites arc alsc) ])rovidcd  wllicll  ]~crlllit
tllc collstractioll of satellite rc]ativc ]msitiolls.

'l`llc])llcjtc)grti]  )l]icc) l)scrY'atiollsl tla(lc`l)y l)cl]cl[ogllcat
l,a Sills arc rc])cmtcd  as 1950.0 astrolltct,ric }~ositiolls.  As
ill tllc case  of  sctls 32, 33, and 35, silllultallcous OIMCIVii-
tiollsofotller  satel l i tes  arcgivc]l and can  I)c used  toforl[l
satellite rclatlvc olwcrvatllol  is. Notes i n  tllc ])ul)]icatiolls
aIId rcliitcd ])ul)licatio]ls  (o]) Jovial) and llra]liall satel-
lites) suggcs{  tllc SAO  catalogue was used ill tlIc rcductio]l

t  I for]] ro])cr IIlotio]l,and that  rcf’crculc.c stars wc.rc corrcc ,CC

ltol)dc>s  lJSN() ])llotogra])hic olmcrvatimls  a r c  J2000”
gcoccvltric  astrogra])l]ic ])ositiolls. Set 37 has a sigtlificallt
I)iasill right asccllsioll and set 39 has asig]lificarlt l)iasitl
dcclillatiolj. (Jlltil tllc s o u r c e s  o f  tllcsc l)iascs arc utldcr-
sl,ood,  t,llc olwcrvat, icrlls arc  IIot, usal)]c. ‘ll Ic (Juidc S t a r
(;atal(~g~lc~)rc)viclccl  tllc rcfcrcllc.c  starsfortllc rcductiml.

‘1’l)c illcl)ollald ])ll()i()gra])lli col)scrl'21ti  c)lisc)f\  4~llil)~~lc
a r c  J200()  Io])occlltric astrogrtil)]lic  jwsilio]ls,  ]{cductiml

ofscts 38 aIId 40 }viIs IIiadcagaiilst tlIc  Astrogra])]lic (;at -
alogue licfcr(tlcc Stars (A(; I{S) (;atalogac. Si)lcc  tl)c ])cJ-
sitiolls of tllcsc s[ars arc ill l~K4/111950  systclll, illcy w e r e
rotated to l’K5/J2000 systc]il follow illgtllc I All (;olllltlis-
sioll 20 collvcrsiol)  ])rx]ccdurc  (Stall disli  c1  a l .  1992).  ‘1’llc
Nlcl)oIIald  (;(;1) olmrvaiio]ls,  set 41 ,  arc  a lso  J2000 as

trop,la])l]ic  and were reduced agairlst tl)c (~uidc  Star (;at-
alogac.

‘I’l Ic V o y a g e r  ol)serva(iolls arc tllc ]~ixcl aTld lillc loca-
tiolis o f  tllc iltlagcs of l’llocl)r and l~tickp;rolllld rcfcrcllcc
stars ill (1]c Voyager calllcra frall)c. ‘J’l)c 1’1{4/111950 star
]msiliol)s arc  a lso })rovidcd.  ‘I’l Icsc ])ositiol]s arc fro]il  a
s]wcial  siar cata]o$llc  (Klcl))o]a  ct al. 1979) llladc f o r  t h e
\~oyzigcr])rc)jcc(  and rcfcrcllccd totllc l)cr(ll 70c.ataloguc.
‘1’0 facilitzltc ])roccssitlg  o f  tllc olmrvalio)ls tllc s t a r  l)o-
sit,iolls  were  ro ta ted  to  1“1{5/J2000  systclII followi]lg  tllc

IAIJ  (k)]llltlissio]l 20 co]ivcrsio]]  ~)roccdllrc.

4 .  orl)it clc:t{:]”]t]ill:itio]l

~.1. 01,sc7vfl/io71  7t/odrlil/,q

‘J’IIc  dctcrt]lil]at)ioll  o f  tlIc orl)it  cIIIJ)loys aTl algoritlllil

wllicll  ~ilillitllizcs  tltc sa]l]  of squares of tllc actrlal-li]illus  -
co II Il)utcd olxcrvat, ion rcsidllals, ‘1’llis ]jroccdurc  rc(]uires
tllc forlllatiollo  fcolll]~lltccl” olmrval)les. 111  o u r  a])proacll,
lvc attcltl])t to c.o]lll)utc  tllc values o f  tllc ol)scrval)les a s
a c t u a l l y  rc]mrk-d ralllcr tl]all trallsforltl tllc values to a
IIlli[orlll  systclll (e.g. 1119~)() or J2000” systc]l I) as otllcr all-
tllors llavc dollc,  IIccallsc tl)c  illtcgratiol) is l)crforlt]cd us-
i]lg  tlIc  1)1;403 [)l[ll)~tilry  c])llc][lcris  alld  SA’J’077 s a t e l l i t e
c])llclllcris f o r  ])crtr]r})itlg  I)ody  ]mitiolls, tllc l’llocl)e m-
I)it isillfactgcllcrzltc(l illtllcJ  2000rcfcrcllc. cfraTtlcoftllc
IIltcrtlatiollal IIklrtll l{olatio]l  %:rvicc  (11’; 1/S). ‘J’llc olmcr-
vatiol) ])roccssillg  softtvare also rcfcrs tllc l’; art}l  oriclltatio]l

(olmrvcr locatiol])  to  tlial sa,,,c fralllc.
‘I’llc first stc], ill colll])lltil lgtllcol  )scrval)lcs”  is tl(c  cal-

culatioli o f  tllc di7(c/ion  frotrl  tllc otxcrvcr to l’l]ocl)c ill
tllr 11’His/,J2000  Systclll. ‘]’]IC 7/ f7i?/7’(7/  d? T”CC/20?/  iS USC(]
f o r  astrogra])llic all(l as(roltletric olmrvatimls, alId  p?opcr
d27cc/io7/  is used for a])])arcllt olmrvatliorls (see Murray
1983).  ]ror olmrwliiolls rcfcrrcd to tllc l~K5/J2000  sys-
tclll, w e  forlll  colll],utcd olmcrval)lcs  d i r e c t l y  fro]]] (l]c
ll)l{S/J200() d??tc{io~l; tllc fraltlc tic l)ctwccII  tllc two sys-
tcrtls i s  ~)rcsulllcd  t o  I)c ]Ilucl) I)cttcr tllall tllc e r r o r  ill
tllc s tar  catalogom used  ill tllc r e d u c t i o n  o f  (IIC ol)scr-
vatimls.  l’or olmrvfitiolls rcfcrrcd to a  ]IICaII cquatlor o f
C])OCII  systclt] ( th is  itlcludes tl)c 1“1{4/111950 systclll), w c
first ])rcc.css tlIcll;l{S/J200() ?lc(?l?old i?cc~ic~?~to tllcltlc>all
equator  a~ tllctil[lcoftlle ol)scrvirtio]l  witl[  LIIC lAlJ76])r(~-
ccssiol],  tl)cli  ])rcccss  ii fro~t] that tilllc to tllc lllcall equa-
tor o f  c])ocll wit]]  tllc Ncwcor  IIIJ ])rcccssiori.  IT] ad(litioll,
wc lIIakc  corrcctiol]s f o r  tlIc 1“1<4-1’1{[) cquillox oflicl aild
clli])tic.  a})crratiol]. ]br ol)scrvatiol)s rcfcrrcd to a  trrl(:-of-
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date SjWt Clll (c.& :l])])al’Cllt  ]KMiti  OllS), WC a])}]ly  tll  C IA1176
],rcc.cssioll  nl,d  t,l)c 1[)80 IAll ])uI,at,io]I to t h e  lI;liS/J200(l”
pTvpcI  d i r e c t i o n .  Wc  a l s o  c o r r e c t  f o r  tlIc lr1{4-1’J([J cquillox
oflkcl.  ‘1’lle (~rwllwicll ohscrvatiolls, IIowc.vcr, am not cor-
rcckxl for cquillox ofl’sctl as tllc catalogac cormc.tiol]  lIIadc
10 tlIcII)  is assuTIIcd to account,  f o r  it. At (IIC ti]ilc of  (lIC
Ycrkcs vislla] o}xmvatiolls, tl)c lrK4-lrK5 o(l’set is quile
sltlall rclat,ivc t,o tllc IIlcasurc)tlellt, error; IIet)cc,  we dccidcd
f o r  co]lvcllie]icc  to IIcglcct tllc ofkt corrcctio~l  wflIe]I ])r(I-
c.cssillg flICIII.

J.,$?.  01).$  cnmiion  promssi7~g

l“or caclI  astroltlctric olx+crvatio]} set, we usd 1 Iouscllolder
lrfitlsfor]ll;ltio]ls  (I,awsoll titlcl IIallsoll 1974)  to ])ack tllc
IIlatrix of wciglltcd olwervatio]l ])ar(ial derivatives al)d 11)0
wwigllilc.d  rmidual vector ( a c t u a l  II]illus  coltl])utcd o}mr-
vatiol]s)  into all ul)l)cr t r iangular  square mot illforJllatiml
IIlatrix alId  associa ted res idual  vector .  ‘J’llis ~natrix a]ld

vcc.ior  collstitlltc tlIc square root illfortllatioll array wllicll
i s  cqllivalcllt to tl)c IIorlnal cquatiolls. l;acll COlIITIIII o f
tllc ]tlatr-ix  and caclI  clc]tlcnt of tlIc vector arc associated
witlt alI c]mcl  I slate v e c t o r  C.o]]]]m]]c]lt. Wcigllls  assigllcd
1,0 ciicl I (Jl)scrvatio]l  SC{, w e r e  bad c)] I our slll~jcct  ivc as-
SCSSJIICII(, of the relative quality of tl)c data ill tllc set; tllcy

arc ]Jro]]orlimlal to lJIc illversc of 10 error associated with
llIc s e t .  Witlliil cac.11 set w e  oflcII  assigllcd two  sc])aratc
wcigllts: OIIC for o or A~ or An C.OS (i or allgalar sc])aratio]i
and t,llc otllcr for  J or A6. WC ]nadc nolttcrous trial solw
iiolls wit]l  various wcighiillg  scl)mncs  allcl variolls dala sets
lwforc arriving al t])c  final wcip;l)ts. ‘1’lle \~oyagcr  iltlagcs
w e r e  ])roccsscxl  wit]l  J 1’1,’s ()})tical  Navigatioll  aIId orl~it
l)ct~:rlllill?lliol]  Software to also ol)taill a square root, iufor-
IIlatiol] array. We set tllc wwigllts  for tlIc itllag;c  locat,io]ls
h corrcsjm]ld to a 10 error of ().5 ])ixc].  11 was assat]led
that lIo corrcct,io]ls  w e r e  Itccclcd  ill tlIc V o y a g e r  2 t r2ljcc-
tory;  (}IC t r a j e c t o r y  w a s  tlIc sal]lc  oI~c used  ill tllc SA’1’077
ll~{]jor  satel l i te  c])llclllcris dcvclo])]llcl)t. ‘1’IIc square r o o t
illfor]llatio]l  array for tllc colII])lcic  data set  was fortllcd
I)y ccrltll~ilti]lg tllc separate itlforlt]atio~l  arrays via llolisc-
IIo]dcr  (Irallsforlllatic)lls. ‘J’l)c so]utioll for tl]c  s tate  vector
was  gmlcratlcd  and allalyxcd l)y lllcalls o f  sillglllar vall]c
(lccc>ltl]~ositic)ll tcclllliqllcs (l,awso~l  and ]Ia]lsoli 1!)74) al)-
l)licd  10 t,l)c colll]~ositc  square root, iTlfcrr)l]atioll  array.

5. l’lwx!ssillg H!slllts

5.1.  otrscf,  urriion  Irsidvals

‘J’al)lcs 2 alId  3 give t,lIc ])ostfit,  statistics for t,llc ol)scrvcd
]Iti]]us  colt  I] Jutcd  residuals for tlIc Voyager and l’;artlll)ascd
olwcrvatio]ls,  rcslmctivcly.  ‘I’l Ic latter arc grou])cd  I)y da ta
set, aIId for  cacll  set ill IC tal)lc i]ldicatcs tllc tyl)c ofolwcr-
vatio]ls,  tltc ]Iu]lll)cr  o f  ol~scrvatiolls used  vcrs(ls  tllc total
Ilultllm avail al)]c,  tlIc wcigl]t, for cacl  I ty])c,  aIId tllc II ICa II
aIId s(alldard dcviatio])  oft]]c residuals. ‘I’l Ic Arcqui])a, t,llc
1  {)04 Ycrkcs, slid tlIc USN() ol]scrvatiolls were. IIo(,  used;

IIowcvcr,  s(alistics for tllct]l arc i]lcludcd. III arriving at, the
s(atist,ics  for llIr uIII]scd olwrvatio]ls,  all residuals greater
tlIalI  3 0 ’ ”  wcw  d e l e t e d  and a 3cr rcjcclio]) critcrioil w a s
aj)]~licd to tlw rcillail~dcr.

‘Jhl)lc 2. Vc)yagcI  illlagill~ I(sidaal stiitisti(s

Ol)jr’d No. ]’ixcl l’ixcl ljiac IJi!lc
hlmll Sig[lla McaII Sigltla

l’llor’l)c 8 0.042 0.241 0.146 0.281
Stals 13 -O. (I25 (),269 -0.090 0.’224
All 21 0.001 0.255 0.000 0.’267

o v e r a l l ,  tllc orl)it  fits tlIc l;ar(lllmsd olwcrvati(,]ls at
IIIC I’M ICVCI. ‘J’IIC I{hl S for tllc ‘ o l d ’  (l)rc-l {)40) sets is

1’!62  alId for tlic ‘Illodcr]]’  (1)0s(-1940)  sets is 0’!88. AtIIOIIg
tlIc sets used, lltc I)oorcst  fit is to IIarllard’s 1!)06 lllicroltl-
ctcr ]Ilcasares, and tllc I)cst f i t s  a r c  to Wl]i}~])lc’s 1992
]Jllotogra],llic data, \$’lli],],lc’s  lg{)(j (X;]) d a t a ,  and Mul-
IIollalld’s  1$)75 relative  ])llotogra])llic  data,

l’igurc  1  dis])]ays (IIC right  ascctlsio]l  iIIId allgulav sc],-
aratio]l rcsidaals for tllc olwcrvatio]ls used irl the fit, and
l~igllrc  2 (li S} Jlil~S tllc decli)liitio]l  r e s i d u a l s .  ‘J’}Ic figllrcs
give a] I itlclicatio]l  of tllc  tilllc  (Iislrit)utio]]  of llIc olmrva-

tio]]s atlcl  slIow  tlIc ovcra]l  qaa]ity  of the f i t .  (;onsidcrablc
sent,  tcr is cl~i(lcr]t as }vcII  as sol  IIc suggcs(,  iorl of Systcl IIat ic
errors.
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Fig. 1 .  l{igl,l  as(cnsiol,  aIId angular  sc})aratiol,  rcsidaals

5..2. l;poch  .$1(11[ Vccl(l?

‘J’llc c])oclI s t a t e  v e c t o r  ol~taillcd  froltl tl)c  fit a])~)cars  it]
‘1’a})lr  4 ,  aIId (,IIc Satarlliall systc]rl dyllaltlical colls(allt,s
llccdcd for tllc illtc~ratioll a])])car  ill ‘1’al)lc 5. ‘J’wJo st,at,c
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T’al)lc  3. As(rolllctric obscrvatio)i  residual statistics. ‘J’IIc WIIIIIIII  clltitld “1’YI)G’ p,iv(,s  tlIc ol)scrviitio]i lYI)C: tlIc letter V dcIIotcs
visllal,  1 ’  dcIIotcs  ])llotc~gra])}lic,  allcl (; dcIIotcs  C;{;]).  ‘J’lIC digit ~ivcs Illca<urctllcllt tyJw: o  almlutc  n aIId 6; 1  Ao cosfi a])d
A&; 2 Art and Ab; 4-  angular  sclmratioll  and A&. ‘1’}1(, C(JIIIIIIII  flltitlccl  ‘No.  ) giv(s tlIr IIllrlll,cr of obscrvatiolts  includrd  in tllc
so]li(icjI1/rllilill)cr of availal)l(, olmcrval ioIls, aIId tlIr colurlln Clltitlcd ‘i$rst,’ colitairls  tlIc wcip,  hl assigll[d  to tlIc data s e t .
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l’iclicri]lg
l’ickcring
l’ick(rillg
l’ickcring
]’ickcrimg
IIarl(ard
l’crrillc
]’ickcriug
Allwwllt
l’crliflc
l)iclwring
l’ickc]iilg
IIirrl, ald
(;l, ristic
l’crrillc
Chris(ic
(;hrislic
(~llristic
l~aruard
IIarllard
Vanllicsbrocrk
Nicllrrlsml
Va II IIicsl)rocck
1)01)011(,
Vallllicsl)rocck
trallllicsllrorck
VaI,llicsl}rocck
Rocn)cr
Chcrjlykh
Vanllimbrrxd
Varll;icsbrocck
MulhollaIlcl

lbwcll

1 k’h’]lo$llr”
lklwcll
l)cbchogllc
I{[)IICIC
W7}li~,])lc
l{olld(!
}~hiJIJk
WhiJlplc

‘1’~JX

1’0
I’(I
1’0
1’0
1’4
V()
1’0
1 ‘4
1’0
1’0
}’4
1’4
v o
1’0
1’0
1’0
1’()
1’0
V()
V()

1’0
1’0
1’0
1’0
1’0
1’0
I’(J
1’0
1’0
1’0
1 ‘o
]’2
1’0
])~

1’0
1’2
1’2
1’2
1’0
1’0
}’0
1’0
(;O

No.

7/7
0/3

20/2(i
2/6

‘26/28
1/2

I5 c)
11/17
11/11

8/8
6/6
9/9

11/12
15/16

2/2
20/23
11/12

7/7
12/12

5/5
4/5
1/1
7/8
7/7

8/11
3/3
8/8
2/2
2/2
1/3
1/1
4/5
2/3

8/10
2/2

20/21
2/2

18/21
22/22
12/12

i99
2/2

21/21

8!’27
.] ] ‘,’~

6’.’4 (i
21’;7
0’!31

-2’.’37
-1 ‘.’04
0’:18
4 ‘,’02

- 2!’05
-2!’58

0’.’24
1 ‘:88
0’!37
0:’12
0’:14
] ‘.”2 $)
1’.’00
3!’25

-0’!32
1’.’73
0’!01
1’.’11
2’!35
0’:30
0’!80
0!’72
1’!51

- 0’.’] J
-0’:17
-o’.’2b

1 ‘,’08
- 0’!42

0!’44
-0’.’27
- 0!’3 I
](/79

-0’.’19
0’!16

.0’:] $]

-0’:43

Sip,,

4’.’20

6’.’28
1 ~jl,)~

4’!53
0!’00
(f!:) 9
12’:1
()’!97
1‘.’14
3’!75
8’.’06
4 !’00
0’!72
0:’74
0’.’50
1‘!13
1!’61
1!’”2
0’.’77
(1!%{)
0’.’00
0:’40
1 ‘!03
0!’73
O’!5G
0!’70
0’,’1  G
] y) ]

0’.’00
0’.’00
0’.’27
0!’81
O’.’G6
0’:57
0’.’43
0!’63
0’.’48
O’!36
0’.’26
()’q(j

0’,’72
0’!20

w~t .

0
0
0
0
0
0

1 (m
o

67
87
0
()

21
133
5()

167
87
67
‘7.)
m
29

200
56

100
77
44

133
125

;) ()
G7

200
333
133

80
133
167
200
l(i7

o
200

0
167
200

No.

7/7
0/3

20/26
2/6

LG/28
1/2
5/6

11/17
11/11

8/8
6/6
9/9

12/12
1.5/16

2/2
20/23
11/12

7/7
7/7
3/:\
4/5
1/1
7/8
7/7

8/1 1
3/3
8/8
2/2
2/2
1/3
1/1
4/!)
2/3

8/10
2/2

20/21
2/2

J8/21
22/22
12/12

9/9
2/2

21/21

3’.’17
-3’.’J 3
-3’,’7 :)
.4’:~()

-0’!04
-4’:47

1‘.f51
0’.’59

- 5!’24
3(13:)

0!’12
0’.’80

_o:182

-0’.’23
-0’.’32
0’.’77

- 0!’18
-0’!62
-1 ‘,’5 1
-0’!04
-0”22
0’!01
0!’45
0’!79
1’97
0’!39

-1’!16
0’.)38
0’,’86

() ’,’07
-0’.’1 G
- O!tki
-1 ‘.’03
0!’01

-0’.’95
-()!’0$)
-0’.’”8
-0:’08
-1’!11
-0’.’4 ()

() ’.’09

Sig.

3’!76

3’!87
0!’31
7’,r4~
0!’00
(1’!58
14:’2
1 ‘!70
0!’83
91173

5’!71
1’.’53
()!’65
0’.’03
0’.’7:)
0’.’73
O’!(XI
] ‘,’2Z
0’,’32
1 ‘.’4 o
0’!00
0’.’26
0’!33
0’.’48
() ’,’ti9
0’.’70
()’VJ 7
0!’51
0!’00
0’.’00
0!’07
0’.’19
()’.’85
0’!20
0’.’58
1’!14
0’,’60
0’!2.3
0!’50
0’!13
0!’34
0’!30

Wgt

0
0
0
0
0
0

167
0

44
100

0
0

67
1 0(1
118
125
125
100

80
133

50
200
200
200
154

91
67

~ ,5 (,

80
200
100
500
200
100

80
167
so

167
0

200
0

200
200
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vcciors arc actrlally ])rovidcd: tlIe first is a frOIII a fit wlIiclI
IIscd tlIc contplcfc  dy]la]nical  lnocicl  f o r  ]~os(-1 966  olH4cl-

vatiol)s;  tlIc sccoJId  is fro])) a fit wllicl)  u s e d  tlic sz7)/p/ijicd
]IIodel,  ‘I’l Ic sil]l])lificd  II IOCICI  was usccl for tlIc l) K- ]WXi o11-
srrvaliol)s ill 1)0111 cases. ‘J’IIc  I{MS di[~crellccs  l)ct~t,cc]t (}IC
two  II Iodcls over tlIc tiltlc  ])criocl  1899  to 2013 arc 5.6 kIII
ill tlIc radial  clircctioll,  5 0 . 7  kln  ill ille ill-orl)it (Iircciioll,
aIId 17.0  k!]) ill tlIc oIIt-of-])l  aTIe  clircctioll.

A s  all a i d  to tllosc wislliilg to rc])rodacc  tlIc  itltcgra-
tio]l, ‘1’al)]c 6  c.o~liail]s t,hc strrtc vcct,or  f o r  tl]c siltl])lificd
lllod(l rrt tl)c clld  of llIr  - iIltcgrati  on.

‘1’}il)lc 4. IIarycclltric s la te  valor  a t  Jllliirll Cj)llcltlcris d a t e
2439440.50 (1966 No\I. 11 .(I) rcfcrcd  to tlIe l,larill lI1call equator
aIId cqllillOx  of ,J2000

(: OIII])OIICII1

x

l’osit.ioll (km) VclOcity (kIII/see)

Colll])]ctc’  lllodcl

-120494$39.8133243500 -0.5851496570455792
-2354417.5328888400 1.513794368:1486230

298479.4052424087 ().7872163107138419

silllr)lifiecl  111 Odcl

-12049505.2615439000 -0.5851402385.559751
-2354347.6372856380 1.5137971052344600

298492.6573990921 0.7872173856992052

IIccallsc  alI illtcgratccl  orl)il  ill tcrllls  of cartcsiall  coordi-
IIatcs  is di(licult,  to itltcr])rrt geoll]ctric.ally, all altmllativc
(]lltilitfitivcrc ]jrcsclltlalioll crfit  in tllcfor]ll  oflncail  crrl)it~l
clel  IIcl Iis is ofk]i  use fu l ,  ‘1’al)lc 7 ])roviclcs  I]lcaIl  CICIIICIIIS
f o r  lIIC orl,it  dcrivul  l,y fittiaga  l)recmsill~  clliJwltlodcl

l’al)l{\5.Salllttliatl svstcaI  d~uall]ical  (OIlstallls.’J’l l(s{:]r(tlt(
c(JfIs(alIts culi{lIlly  }~cil!p, Iiscd ill tll{ lliajOr Salurltiall  satel l i te
c])llclllcridcs, scc .lacOlxOll  19$)61)

~alllc

Saturn  systclIl (;L!
Lliltlas  (;NI
l;nccladas GM
‘] ’Ct}l~S (;hl
l)iol,c Ghl
l{llca (;hf
‘J’it al, (;LI
la],ctus (;hl
SatllTll radills
Salurll  .f~
Sa{artl J;
%tu]t, Jq
Satu]]) JG

37940629.764
2.500
4,9(J()

41.808
73.15(;

154.000
8978.200

106.000
60330.0

162.98X1(1-4
213.74 xIO”4

-9.1.5X10-4
1.03 XI(I-4

Units

lm~/scc2
lia)~/sr#
km3/sc#
kl113/sr#
filll~/scc~
klH~/scc’2
kl113/sc[2
kl113/scc2
kill

Saturn  ]mlc rigll( :Is((llsioll 40.58 d (g,
SatuTll lWIC dcclillatioll 83.54 d C&

t quadra  I,olc fOr sirll])lifl((l lII<Idcl

‘J’til Ilc G. IIarycclltric  slate vcc[or  for the sil[lJ~lificd mrxlel at
.lIlliall cj,llclrlc)is  datt 2414640.5 (1898 l)c(. 17.()) rcfcrd to
IIIC 12rr(h IIlran equator  aacl cquitlox of  J2000

(k)lll])om’llt l)osiiioll (kIII) Vcloci(y (kill/se,:)

x -lo038(i(j3.710024760” -1.2515248335735 !)60
y -(;591637.198179223 1.1141266134053140
z -2665302.021350605 0.6536236440036113

to tile illtcgraticrll  over tllc ])criod 1$)()() to 201;{.  ‘J’IIc rcf-
crcl Icc lJlalIc  is  tlIc l’llocl)r l, fi])laciall  ])latlc,  tile I)lalic  0)1
wllicll  tllc orl)it  ])rcccsscs  alrtlost  ullifor  I]lly.  ‘I’l Ic oricrlt:i-
tioll  at Ip;lcs  f o r  tllc l,a])laciall  ])lalle  ]JoIC arc wiill rcs])cct
to tllc lkrr(ll ]tlca]l  cquat,or  aIId cquillox  of J2?OOosystc~tl)”
al)d t}lc loligitrlde o f  t)llc orl)it,’s  asccrldiilg llodc i s  TIIC:I-
surcd fro]tl  tllc asccllditl~ IIodc  o f  tllc IJal)laciall ])la IIc CrII
tllc lkirtll lll[:ill( clllz\t(]rofJ 20()().

6. Accuracy ass{!ssln{!]lt

‘J’llc accuracy 10 wllicll  l’llc)cl,c’s  orl~it  CaII I)c dclcrl]lillcd
is dolllillatcd I)y errors  ill tllc ol)scrvat,  iorls. ‘J’lIc IIlajority
o f  tile o}mrvatio]ls arc al)solatc ]wsitiolls  ol)taitlcd  frolll
r e d u c t i o n s  ilivo]villg  a variciy  of s[ar catalogilcs all[l arc
slll)jcct,  to rc]ativcly largy  systc]tlatic errors due to e r r o r s

ill tllosc catalogucs (e.g. zo]lc l)iascs, ])rol)cr  IIlotioll). 1111-
dal~lc]ltally,  tllc e r r o r s  IIlake  it difficult  to tie ttlc rcfcr-

CIICC fraltlc  o f  tllc ol)scrvatioll to tllc ll;l H/J20(  )() rcfcr-
cllcc  frall)ccrf tile orl)it, (;llarac(crizillg  tllc ultccrtai]lty ii)
tllcfr:lll l[-ti(iscx trcltlcly (Ii(liclllt, csl)ccially fortl)coldcr
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‘1’nljlc 7 .  l’liillctocclltric  If Ica]I orbilal  cl(IIIclIts  r< fcrr<d  t o
l’lIoclI(,’s IJa])laciall p]anc

l’:lr$lllcllt

sclili-lila.jor  axis
c(ccl)triciiy
]Il(lillatio]l
argulllc]lt  of ])c]ia J)sis
lo]lgilud(, of asccadillg ndc
orl)it al pcrio(l
l)(lia])sis  rat,c
]Iodal rate
IJa])lacial, ]JaTIe ]mlc
right awmlsion

IJa]ll:lciilll pla]lc ])01(:
(Icclirlatioll

Valllc

12944377.64
O.l G43G

174.74888
330.92048
233.03295

548.2127036
0.0020123
0.0012489
275.62887

68.03270

llllils

Jill]

d (’g
[kg
d c~
days
dcg/day
dcg/day
dcp,

dcg

olwcrvatiolis, IIased 01) ail cxall~illation  ofillc rwsidunls  Jvc
Cs(illlaic  IJlc urlccrtainly  to bc ]to less tllall 0’!5 f o r  ]I]ost
olwcrvatio]l sets alt,tlougl)  ttlc rcc.cnt  SC(S frOIII  hlcl)oIIald
]IIay lW slightly lwttcr.

‘1’IIc doltiillallt e r r o r  sourc.c  it) tllc ol)scrvatioltal  ]tIocl-
clli]lg i s  ttle c])llcltlcris o f  %ilurll  as it aflccts ttlc colf I-
])litcd  al)solllt,c] )ositiorlof l’llocl)c. ‘J’llcllilccrtailltyill tllc
1)1’} 403 Satrlr]l jwsitiol)  isal)outl 0’.!2.

l{c’lativctc ~tllcc~l) scr~atioll re la ted cmm, tlloscill t,tic
dynaltlical IIlodcllillgarc  quitcsl]lall. ‘J’l]e ]Ilost  illl]mrlallt
dylialllical ]mraltlctcrs, tJIc ~h~)s of Sat,urjl  a]id  ‘J’itfill, arc
w e l l  klIow]I  frolll tttc \~oyagcr  cnlcourltcrs.  lrlaccuracies ill
ttlc cl)}lcvtlcri(lcs  of t,tlc ])crturl)irig l)crdics  lead to illtcgra-
tioll errors of at, ]IIOS( afcw tmIs  of kiloll{ctcrs.

‘1’IIC Cflcck of lJIC systlclnatic  olmcrvatioll errors a r c
allcvialcd sollicw]lat l)y tf,c orbit ]Ilodcl.  ‘1’lIc oIIly f r e e
])araltlctcrs ill t,tlc orl)it CIci(rl]]i])alioll  I)roccss  a r c  tlIc
co] Il])o]Ic]Ik  of the cJ)ocI! slate vector of I’l Ioc1)c. (;ot Isc-
qucllttyj  tllcrc mist iln])licii dyl~alllical  Collstrai?lis  011 i,tle
size, sl)a]~c, till(lcJriclltla  tiollc Jfj)ossil~lco  rl)its.l tislllllikcly,
assulllillg ttlc ol)scrvaliolls arc wcigl]t, cd ])ro])crly,  t,llal (IIC
orl)it, lIas  l)cc II d i s tor ted  if] aII attcm)l)t to acco]ll  Tt]odatc  R
Ilt)iquc  Syskvtlatic error in a ])ar(icular olwcrvatioll  set.

‘lb arrive at, a ])rolml~lc  accuracy for ttlc orl)it, wc cx-
altlitlcd tllcforltlal covariallcc  fro]n  t,l Ic data fit, JIIad CCOIII  -
])ariso]ls  w,illl fits to various subsets of t,tlc data, ]Ila(lc
collllmrisol)s  wittl fits using ctiffcrillg  wciglltillg  straicgics,
a]ld  cxal]lillcd  scllsitivi tics to various II Iodcl  ]mralllctcr val-
ues. IIascd m) t,tlis al~alysis,  the cst,ill]atc o f  tllc l-cr or-
l)it utlccr(ailltics at (lie t,irncof t h e  ])lallncd (;assirli flyby

(Jll,lc 12, 2004) al,],car l,clow:

111-orl)it liadial out-of -])la]lc l ’ c r i e d

2.500  kill 750 kill 1000 kTn 36 Scc
—.

‘1’IIC ])criod  error tra]lslatlcs  into a  growt]l ill tlic ullccr-
tailltyof ill-c) rl)it(lircc(io~l ofrougllly40  ktll/yr.

7. Co]l]lmriso]i with l)]cviolls i]]vcstigafio]ls

l{osr  foulid  a slalldiird e r r o r  o f  1’!52  for  tllc fill 10 }Iis ol)-
s(rva(,io]l  set,; ourorl)it fits ttlat saTtl Csrl at ttlc 1’!19  lCVC1.

l;xcej]t  f o r  (Itc Arcqui]]a (Iata, llytiova aTld SlliJiltalcv  al)d
IIcc-llorsctll)crgtr aTld ltocllcr used  cssmltially  tllc salllc
()})s(rlati[)]ls. 'J`llcf(J  rrt)crgiv cas(?lrlCl:lrcl crrorof 1’!5 (wiltl
sotlic e d i t e d  sul)sct,  of tltc Am]uii)a data itlcludcd)l and
il)c  l a t t e r  q u o t e  Aocosfi aIId Ab m-rors of 1’!7’ aII(l 1’.2,
rcs}lcctlivc]y.  For  ttic II(:c-liorsc)ll)crp;cr  and l{oc]lcr  ol~scr-
~:i(i(]~lsct~vcol)t,:]itl  1’!66  aTId 1’!03fc~rt  llcAc~cosfiatl  (l” Afi
errors. It aJJJ)ears, ttlrrcforc, ttlat wc IIavcall orbit wl)ich
f i t s  t}lc olwcrvatiolls  oftllr ],rc~ious illv(stigtitc)rss  liglltJy
l~ct(cr  tllfil) tllciroi-l)its.

We allclll]~tcd t o  rc],cat ttlc otllcr illtcgratiolis Imsml
o]] tllc itlforlt)titio]l })rovidcd  ill (J]c l)ul)licatiolls  bull w e r e
Sllcc(SSrll]  o]tly  }vitll l{ OSC’S orl)it (lJIc  ]llcasurc Of success
w a s  (.Iw al)ility to closc]y  rc])roducc ttlc ])ul)lisl]cd  rcsid-
ua] s ta t is t ics) .  l,ack of  success  IT I tllc ottlcr Iwo c.ascs is
IIlost  l ike ly  duc to tttc irlal)ilily  of ollr sof’l~varc to rc]~rc)
dllcc  e x a c t l y  ttlc ])crlurlmtio]ls iilcludcct  t)y ttlc. ottlcr ill-
vcs(igators. OIIC I)rol)lcitl  wiltl llIC IIcc-llc)rsclll)crgc’r  and
l{ocl]cr  illtcgrirlioll  is ttlat tllcy did IIot g ive  tllc valllcof
‘J’ital]’s  lllilSS Ilscd ill {Ilcir ‘J’itfill ]Jcrtrlrt)atioll,  Wc w e r e
al)lc  to ]tlatcli l{ OSC’S orl]it l)ccausc he I)rovidcd  s late  vec-
tors at l)otll  tllc I)egillllitlgalld clld  of Ilis illtcgriltioll; w c
a d j u s t e d  IIis itlitial vclocitjics  sliglltty  to mlsurc ttiat o u r
ildc~ratioll IIlatc}lcd  IIis itlitial aIId filial  J)ositiolls ‘1’IIc
lihlS difl’crmtccs  I)ctwccll  our orbit altd Iltat o f  lloscovcr
lJ]c titrlcl, cried 196[; 2013 arc 476{) ktt] ill tlic r a d i a l  di-
rcctioll, 11 1 4 2  kIII ill ttlc in-orl)it dircctioll, alId 36[)9 JiIII
it) tlIc  out-o f-])la?le dircctioll.

IIcc-lk)rsc]il) crgcr alId  liocllcr givcscts of J)oly}loltlia]
coc[liciclli,s  lvllicli call  I)euscd tc)collll) llt,cgcc)ccli  t,ric.t~str(>-
~tlctric  ]msitiolls fortllcy  cars 1981- l{)$)ol)ascdo~l  tJlciror-
I>it. I“rol)l tllosc ])c)lyllolllialswc collstruc(cd olmcrvatiolls
f o r  tltc first of Jatluary of cacll  of tltosc years  and COIII-
J)zlr((J t}lc]t] t,()c()Ill]){]l,  c(l()])s(:rvat io]lsfr()]t]  ol]ror])it,. rJ`]lc
lthl S (Iiflkrmlcr  over ttlc tctl year ],criod was 0’!48 wllicll
sllggmt,s  agrccl[lclit  w,itll I,llclll to Iwtlcr ttI:ill  3 0 0 0  lit]].

S. C;(n]clllsiolls

‘J’his ariiclc ]ias  rc])ortccJ  0]1 t)lr clctcrlilill:itio~l  o f  tllc or-
I)it o f  l’l)oclm  using a Illlltlcric.al  illtcgratiorl fit to l(;artJt-
l)ascd  astro)t]c(ric olmcrvatimls and iIllagiTlgc)l)scrl,atiolls
ol)taillcc]  frolll  !IIC \royagcr 2 sl~accc.raf(,. It has ilicllldcd
a dwcri])tio)l of ttlr dyl]artlical lIIOd  C]S  IISCC]  ill  t,tl~  ill(,c.

gratio)tj  a gc)lcra I discassior)  oftllcol  )scrl>lltio]lstllil ilal)]c,
all overv iew of  tllc olmrvfitliotl j)roccssi]lg l)roccdurc, all
asscsslt]mlt of ttlc accuracy of tllc filial  orl)itj and all colrt-
l)arisoll of tllc orl)it wittl ])rcviously  ])ul)lisllcd  i?ltcgrations,

IIccal]sc of its dis(aIlccfrolll  Satllrll, astrolllctric lilca-
surcs of l’l]ocl)c arc ]Jlos(ly  allcl will ])rol)al)ly  c.orltil)llc  to
I)c al)sc)lll(cJ)c)sitic)lls.  Ally f(l(l~rc~lrt[:rll lill:it,i(~~lc) f~~lt illl-
])roI,cclc )rl)itil lcorJ~oralitt gs[lcli” J)c)sitiollsl villrcc]llir(t)  otll



IIigll quality olwcrvatiol]s  al]d  carcfal rcclur-tioll  wil]t  llcw
star cata]og(lcw  closely t,icd tc> tllc ljI;ll,,S/J 200[) rcfrrc]lc(,
fral IIc. l{c-rcductioll  o f  tl)c cxistiilg olwcrwatio~)s  agai]lst
sucl)  cat, alogucs  vvould also ]jroviclc  significant hm}cfit.

‘1’lte (Ift)crl]lillatioll of IIIC orl~its  o f  ]tlost otllcr ]JlaIb
clsry s a t e l l i t e s  r-dies  ltcavily  0]1 illt,ersatcllitlc and ])lal Ict
mlrrtivc j)ositio~ls,  ol)scrvations whicl)  arc  illdc]~el]dcllt,  o f
s(,ar cat,alogac  rclatcxl  errors .  AIIIong  t,llc exist, itlg I)lIOCI)C
olmrvatlio]ls, tl)crc arc a llan]l)cr of relative ])osit iorls, l)IIL
]IIOS( arc  JIO I)cttcr tllall tllc b e s t  al)solat,c ]~ositimls,  h’cw
]]r~cisc  wide fic]d  sill)  uli,al)col]s  obscrvaiio]ls of l’}loc})( t,()-

gctllcr witl]  Satur]i or otllcr Saturllian  satellites COIII(I  })r{)-
vidc illvalllaljlc relative I)ositio]ls lcadillg to a greatly ir]]-
])rovc(l orl)it.

ATI c])llclllcris Imsd 0]1 tlIc orbit,  dcscril)ccl  ill t,llis arti-
CIC is avail al)lc clcctrollically I’ro]n tllc J]’], ()]1-l,i]lc  So]ar
SyskItI l)ata %rvicc (C~iorgiIli ct a l .  1996).

ArktI()!/,lc{/g{tIIeYlls.  ‘1’lIc  rcwarch clrscIil)d ill tkis ])ul)]icatio]l
was ciirrid o a t  t)y tlIc J e t  l)ro])ulsio]l l,al)oratoryl  [;alifortlia
l]lstitrltc o f  ‘1’rrllnr)logy,  alldrr a  colltrac( wit]) tllc  I’Jatiol,al
A(r<)llalltics  allcl S])acc Acl!rlillst ration. ‘1’llc aut]lor  wislics t o
tllalik  all Of tllc  as(rollo~ncrs  wlio }Iavc ]Jrovidrd tlIe as(rOl(~c(ric
Olwcrvatiolls of l’llocbc. ‘J’he author  a l s o  wishes to t}larlli  J.
I I .  l,icskc  for  h is  assista]lcc  ill irltcrj)retillg  ]nany of lIIC old
),ul>]ications,

Al)lJcIIdix: AIJl~roxilnatc! ~’itali o]”~)it

‘J’llc rrrl)it o f  ‘1’ilall used ill colt] j)ut,irl,g t,hc ]Jcrt,rjrl)atio]ls
ill tllc sillt])lificd II ICKICI is dcfillcxl by a set of~tlcail orl)ital
CICIIICII(S  wllicll  were  d e r i v e d  frolll a fit to tllc SA’JT)77  itl-
tcgratcd ‘J’ital] orl~it,  IIccalwc of ‘1’ita]l’s sIIIall  ccccl]tricity
and illclillatiol], wc ado])tcd t,l)c cquiltoctia] for]]] of tllc cl-
cll]ctlt,s  (Ihouc.kc and ~cfola 1972);  ‘J’able  8 contai~ls  tllc
clclllcllts. ‘J’IIc Ial)lc a lso  g ives  LIIC oricnt,atiol] allglcs for
‘J’ita]l’s  l,a])lar-iaTl  ])lanc in thr l;ar{ll lncall e q u a t o r  aTld
cql]irlox  of 32000  systc][i. ‘J’IIc or})ital  lo]]gitudcs  (A, m,  fl)
arc IIlcasarcd fro~]l tll)c ascc)ldillg ]Iodc  o f  tile l,al)lacia]l
I)laTIc 0]1 tllc l}artll IIICaII cqaator of  J2000.

J$’llcll coltl])utillg,  tllc l~cr(url)atiolls  oll l)l]ocl)c,  tllc ‘l’i-
tall I)ositio?l  relative to t,llc Satrlrlliall sys(clr)  I)aryccll(,er  is
folllld  willl tllc clclllellts, allcl t}lc]l tllc ])ositioll o f  Satrlrll
re la t ive  to tllr= l)arycmltcr is for]tld fro]n  the ‘J’itan I)osi -
tim]  assul])ing,  t}lat ‘J’itaJ] and Satrlr]l arc tlic o]Ily IIlassive
I)o(lics  ill tile Saturtliall  syst,c]ll.
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